[1] Seed dispersal kernels of wind-dispersed species imprint the initial spatial template over which later demographic processes such as establishment or re-colonization operate from. A major knowledge gap in seed dispersal modeling by wind is the role of complex topography in modifying the kernel shape when referenced to the flat-world case. How complex topography modifies the dispersal kernels of inertial particles such as seeds is explored here via novel flume experiments. A train of gentle cosine hills and a canopy composed of densely arrayed rods with a roughness density resembling the leaf area density profile of hardwood species at maximum leaf area were used to represent a canopy-hill system. Spherical inertial particles having a coefficient of variation in terminal velocity commensurate with values reported from field studies were employed as model seeds. It was demonstrated that the seed dispersal kernel maintained its canonical 'Wald' form as derived from simplified turbulent dispersion theories for flat terrain and vertically uniform flow field. Seeds released near the canopy top and from the top of the hill have a dispersal kernel mean distance that was about 35% times larger than its counterpart for releases from the bottom of the hill. Moreover, the probability of occurrence of long-distance dispersal (LDD) events, defined here as seeds traversing a longitudinal distance exceeding 10 times the canopy height, were one order of magnitude larger for seeds released near the canopy top and from the hill top when compared to their counterpart released from the hill bottom.
Introduction
[2] Despite rapid progress in modeling seed dispersal by wind using turbulent transport theories [Kuparinen, 2006; Nathan et al., 2011a] , a large number of unanswered questions must still be confronted. Among the most pressing and less studied problems is how complex topography modifies seed dispersal kernels in general and long-distance dispersal (LDD) in particular. There is urgency to progress in this area given their practical implications to invasion biology, vegetation patterning on slopes in arid and semi-arid ecosystems, design and location of bio-containment zones for engineered crops and trees, the ability of plants to migrate at speeds commensurate with climate change, among others [Higgins and Richardson, 1999; Loos et al., 2003; Nathan et al., 2011b; Thompson and Katul, 2009; Williams et al., 2006] . How gentle topographic variability modifies seed dispersal kernels (and LDD) in a controlled laboratory setting so as to isolate the effects of topography on the dispersal kernel from all other complicating factors inherent to field experiments is a logical starting point, and forms the main thrust here.
Experiments
[3] The flume experiment was carried out on a train of four hill modules covered with a canopy composed of densely arrayed rods inside a rectangular channel described elsewhere [Poggi and Katul, 2007; Poggi et al., 2008] . The water depth (h w ) was maintained constant at 0.6 m for a steady re-circulating flow rate (Q r = 120l s
À1
). The gentle hilly topography was constructed using a wavy stainless steel wall composed of four modules, each representing a cosine hill with a 'shape function' given by f(X) = H 2 cos(bX), where X is the longitudinal distance, H (= 0.08 m) is the hill height, b = p/(2L) is the hill wavelength, and L (= 0.8 m) is the hill half length. With H/L = 0.1, the hill can be classified as gentle [Poggi et al., 2008] . The canopy was composed of an array of vertical stainless steel cylinders having a diameter of 0.004 m (= d r ), and a mean height of 0.1 m (= H c ). The amplitude of the topographic variability here was purposely chosen to be comparable to the canopy height as this case was deemed to be rich in terms of flow dynamics [Poggi et al., 2008] . The rods were arc-welded into the stainless steel sheets at equal spacing along the 12.8 m long and 0.9 m wide test section. The rod density (n) was 675 rods m À2 , which was sufficiently dense to produce a drag coefficient observed in dense forested canopies [Poggi and Katul, 2007] . With such rod density, the porosity of the canopy (n p ) and the frontal area density (n f ) are given respectively by n p = 1 À n(p/4)d r 2 and n f = 1À ffiffi ffi n p d r [Nepf et al., 2007] . The n p = 99.9% was sufficiently large to ensure negligible probability for seed interception by the canopy during ejection and re-settling in the vertical direction. However, n f = 92% can lead to a finite probability of horizontal obstruction. The experiment here was purposely designed such that the seeds do not 'stick' to the rods but can freely move around them. Hence, occasional 'bumping' of seeds into a rod (inertial impaction) can be thought of as a minor disturbance to the seed trajectory. The vertical distribution of the rods frontal area was not constant with height but resembled a hardwood canopy at maximum leaf area with its foliage distribution concentrated in the top third and almost constant in the bottom two-thirds. The longitudinal (u) and vertical (w) velocity time series were measured above the third hill module using a two-component Laser Doppler Anemometry (LDA) operated in forward scattering mode. The LDA measurements were performed at 10 positions to longitudinally cover one hill module and along 35 vertical positions displaced along a specified coordinate system that adjusts for topography. This x-z sampling plane was located 0.40 m from the lateral wall in the spanwise direction. The sampling duration and frequency for each run were 300 s and 2500-3000 Hz, respectively, and were deemed sufficient to ensure convergence of the flow statistics [Poggi et al., 2004] . The velocity measurements were conducted at fully developed turbulent flow conditions characterized by a bulk Reynolds number Re b > 1.3 Â 10 5 defined here using h w and the cross-sectional area-averaged velocity u r = Q r /(b w h w ) = 0.22 m s À1 . To simplify the acquisition procedure, the inclination of the two velocity components was kept constant and equal to the slope of the surface. However, the measurement path from the surface follows a displaced coordinate system as described elsewhere [Poggi et al., 2008] . The model 'seeds' were composed of 0.006 m (= d s ) diameter spheres but with variable mass thereby resulting in a variable terminal velocity V t . The V t values were separately measured for a sample of 200 spheres as follows. Individual spheres were manually released from the top of a transparent tube, 3 m long and 0.15 m in diameter. Next, three digital cameras were used to acquire the entire fall trajectory. The trajectories from the three cameras were then combined to form a single trajectory for each particle release. Using the recorded particle trajectory, the local seed velocity was calculated and plotted as a function of time. The V t value was subsequently inferred when steady state conditions were identified. From these terminal velocity experiments, the mean V t was 0.07 m s
resulting in a local Reynolds number Re s = V t d s /n = 420, which far exceeds unity associated with the Stokes regime. For such high Re s , the seed drag coefficient becomes weakly dependent on Re s , and for the purposes of calculating V t , these Re s effects can be ignored. The coefficient of variation (CV) of V t was measured as 0.12, and represented a wide range of wind-dispersed tree species Johnson, 1989, 1992] . The mean V t for the seeds here were about 1.75 u * , where u * 2 = t t /r is the squared friction velocity near the canopy top, t t is the turbulent stress at the canopy top, and r is the fluid density. Typical seed dislodging u * were estimated at 0.5-1.0 m s À1 in field conditions [Williams et al., 2006] , while typical V t for winged seeds in temperate forests range from 0.7-2.5 m s À1 [Nathan et al., 2002] . Hence, the V t /u * selected for the flume experiment is within the range of conditions encountered in forested canopies at the seed-dislodging phase. The seeds were released at z R = H c from an injection tube at an upward vertical velocity determined from Bernoulli's equation assuming each seed starts from rest within the tube. Two experiments were conducted, each with 5,000 seed releases. The first experiment released all the seeds at the top of the hill (hereafter referred to as top injection), while the other released all the seeds at the bottom of the hill (hereafter referred to as bottom injection). The aim here was to explore the basic difference between these two measured kernels and assess how much of this difference can be explained using the LDA measured velocity spatial variation across the entire hill in the context of a simplified dispersal kernel described later. To determine the seed dispersal kernels, a plastic mesh was positioned at the base of the wavy topography to intercept the seeds. The distance from the release point to the interception point was computed. Sample trajectories following few seed releases were also recorded using a high-speed digital camera sampling at 25 Hz with a field of view spanning 10 H c in the longitudinal and vertical directions. Images were then analyzed using Matlab's image processing toolbox, trajectories for each seed reconstructed, and first collision with the flume bottom recorded.
Theory
[4] An analytic expression for a seed dispersal kernel derived from a simplified 3-dimensional stochastic dispersion model that retains the essential physics of inertial particle dispersion within a locally homogeneous and isotropic turbulent flows was already proposed [Katul et al., 2005] . Briefly, this approach analytically models the spatial evolution of the probability density function p(x s ,z s ) of a seed particle having a terminal velocity V t released at x = 0 and height z R dispersing in a turbulent flow with known flow statistics, where x s is a longitudinal distance from the release point, and z s is the height above the ground. It was shown that the probability of a seed crossing an absorbing boundary (i.e., no re-suspension of seeds) at the ground surface starting from z R above the ground is given by Katul et al. [2005] :
where m′ =
, and s 2 = 2kH c (s w / U ) is a dispersion measure related to the turbulent vertical velocity standard deviation (s w ) and an empirical constant k related to the effective mixing length of turbulent eddies inside the canopy. Equation (1) is the well-known Wald (or InverseGaussian) probability distribution with a mean m′ and a shape parameter l′. This distribution has finite variance
, and has a Kurtosis coefficient larger than a Gaussian (excess Kurtosis is 15 m′/l′). However, for large l′ (e.g., when s → 0), the Wald distribution begins to resemble a Gaussian. When V t → 0, this kernel also exhibits power-law decay (i.e., fat-tailed distribution) with an exponent = À3/2, a signature of long-distance dispersal. For finite V t , this power-law tail is 'cut-off' by an exponential decay term that increases in its censoring strength with distance. The Wald kernel was shown to reproduce observed kernels of many wind dispersed species in forestedand grassland ecosystems above flat terrain [Katul et al., 2005; Nathan et al., 2011a] . Here, the measured kernels from this flume experiment were analyzed in the context of the parameters of the Wald kernel so as to directly assess how the hillinduced in-homogeneity in the flow impact m′ and l′. Because the seed release height and seed terminal velocities were the same across the top and bottom injection experiments, any differences in m′ and l′ must be due to differences in the flow statistics along the hill surface.
Results
[5] Figure 1 shows sample trajectories from 4 runs with each run displaying the full trajectory of about 100 seed releases recorded at times when seeds ejected from the tube that was positioned at the top and the bottom of the hill, along with the LDA measured spatial variations in Ū across the hill. Since the mean velocity impacts both m′ and l′, the hill-induced variations in Ū are described first followed by a discussion on how these perturbations in Ū impact the dispersal kernel. From Figure 1 , the most striking feature is the large asymmetry in the speeding up and slowing down of the mean flow inside the canopy across the hill despite the fact that the topographic variations are entirely symmetrical. This asymmetry in the flow statistics here is due to the strong non-linearities in the mean momentum equation [Poggi et al., 2008] . Inside the canopy, near the bottom of the hill, there is a zone of reversed flow (i.e., negative Ū), also delineated in Figure 1 and predicted to occur from the interplay between the longitudinal advective term, the mean adverse pressure gradient and the non-linear drag force exerted by the canopy [Poggi et al., 2008] . Interms of the effects of the hill surface on the mean flow, a number of generic points can be made. As the hill summit is approached on the uphill side, the flow within the canopy speeds up in response to the positive pressure gradient induced by the local topography but then slows down in response to the adverse pressure gradient on the downhill. Above the canopy, the flow maintains a decelerated state on the upwind side as the hill summit is approached, but then accelerates thereafter on the lee-side of the hill. At the bottom of the hill, the over all mean velocity is generally slower near the canopy top when compared to its value at the hill summit. For the vertical velocity standard deviation (not shown), the vertical variations inside and near the top of the canopy are much larger than the longitudinal variations. Hence, for all practical purposes, the effects of the hill on the longitudinal variations in U far exceeds s w . Moreover, because variations in Ū across the hill far exceed the natural variations in V t (recall, the measured CV = 0.12 here), and because the Wald kernel suggests that the dimensionless quantity Ū/V t is controlling the dispersion, these small variations in V t can be ignored in this application.
[6] The sample trajectories imaged by the high-speed camera shown in Figure 1 are suggestive that seeds travel much further when released from the top of the hill when compared to their counterpart [releases] at the bottom of the hill. Seeds traveling (horizontally) in excess of 10 H c were also recorded in both cases and used as a surrogate for quantifying LDD here. Their frequency of occurrences in these sample images was much higher for the top injections run. It is clear then that the hill-induced variations in U significantly impact the seed dispersal kernel, especially at the tails. Perhaps more indicative is the magnitude of the differences between these two kernels in response to the Figure 1 . Sample images of inertial particle trajectories for seed releases near the top (referred to as top) and bottom (referred to as bottom), where the seed source is positioned near the canopy top. For illustration, only 4 runs with each run displaying the full trajectory of about 100 imaged seeds are presented. The measured mean flow spatial variations across the hill surface (in m s À 1) is presented as a colormap along with the 10 sections (labeled as s1 to s10) over which the LDA data were acquired (vertical lines). The inertial particle releases for top (in blue) and bottom (in green) injections are presented.
hill-induced variations in the mean flow. Considering the fact that the mean hill slope (H/L) was only 10% here, the effects on the seed dispersal kernel, especially, the mode, spread, and tails is rather dramatic, as evidenced by Figure 2 . The kernels from Figure 2 include all 5,000 seed releases per injection. The shapes of the kernels for both top and bottom injections remain well described by the Wald distribution. Moreover, the agreement between measured (determined from histogram analysis on the recorded x when the seeds first arrive at the flume floor) and fitted kernels in Figure 2 is remarkable given all the simplifications used to derive the Wald kernel and the spatial complexity of the mean flow produced by the hill surface. A moment matching method was used to infer the two parameters l′ and m′ for the Wald distribution for each injection shown in Figure 2 . Based on these computations, one major difference between the two kernels is m′ (i.e., the mean), with m′ being 1.35 times higher for top injections when compared to bottom injections. Because the seed release height and seed terminal velocity statistics were the same for the two injection experiments, the differences in m′ can be attributed to differences in the effective mean velocities induced by the hill surface (as sampled by the bulk of seed trajectories). Using the LDA measured Ū shown in Figure 1 , it is evident that by spatially averaging Ū in the domain bounding the bulk of the recorded trajectories (roughly the regions within z/H c ∈ [1,2] and x′/H c ∈ [0,8], x′ is the distance from the injection point), the bulk flow sampled by the top injection seed trajectories is about 1.4 times faster than the bulk flow sampled by the bottom injection trajectories. Indeed, these differences in the bulk flow velocity measurements are in good agreement with the differences in m′ inferred (independently) from the seed kernels and the Wald fit to them. Moreover, the computed differences in effective kernel variances (i.e., s 2 = 2kH c (s w / U )) derived from l′ when fitting the Wald distribution to the dispersal data are also entirely explained by differences in U . In the derivation of Wald, it was assumed that the Lagrangian integral time scale responsible for the coherency in vertical velocity excursions was a constant inside the canopy and scales with the canopy height H c and the friction velocity. This assumption removed the need to model the turbulent kinetic energy dissipation rate inside the canopy when using Wald and resulted in a simplified expression for the kernel variance. The fact that Wald has an empirical parameter (k) may raise some ambiguity about its generality over complex terrain or other inhomogeneous flow. One key finding here is that k was not significantly impacted by the hill surface given the small differences in measured s w across the hill (not shown). For the experimental conditions here, we found that when s w and U were measured at two-times the canopy height, a k ≈ 0.8 best reproduces l′ for the same range used in assessing the effects of the mean velocity variations on m′.
Conclusions
[7] Detailed flume experiments were conducted for flows inside canopies on gentle hills to isolate the effects of topography on dispersal kernels in idealized settings. From these experiments, it was demonstrated for the first time that the seed dispersal kernel maintains its canonical 'Wald' shape as derived for flat terrain. However, in terms of kernel parameters, we found that for seed releases near the top of the hill (at the canopy top), the seed dispersal kernel mean was about 35% times larger than their counterpart near the bottom of the hill. Moreover, the occurrence of longdistance events was one order of magnitude larger for seed releases near the top of the hill (at the canopy top) when compared to their counterpart near the bottom of the hill. Hence, it is likely that LDD is far more sensitive to topographic variability than the mean dispersal distance, as expected. While these conclusions were experimentally derived for a single hill shape and size, a specific canopy configuration, and for one flow regime, they are intended to be used as bench-mark tests for future models resolving both flow and inertial particle movement for complex terrain covered with a canopy. The empirical (symbols) inertial particle dispersal kernel for top (in blue) and bottom (in green) releases derived from histogram analysis of the trajectories of all 5,000 seeds caught in the plastic mesh. (right) A semi-log presentation is used to emphasize the measured and modeled dispersal kernel behavior at the tail. For reference, LDD is defined here as x > 10H c (delineated by a vertical line) and is significantly impacted by topography. The solid line is the 'Wald' fitting to the 5,000 distances measured from the seed source using the moment-matching method. Note the three decade variations in measured dispersal kernel.
